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Abstract 
Medium pressure UV is used for controlling the concentration of combined chlorine 
(chloramines) in many public swimming pools. Little is known about the fate of other 
disinfection by-products (DBPs) in UV treatment. Photolysis by medium pressure UV 
treatment was investigated for 12 DBPs reported to be found in swimming pool water: 
chloroform, bromodichloromethane, dibromochloromethane, bromoform, 
dichloroacetonitrile, bromochloroacetonitrile, dibromoacetronitrile, trichloroacetonitrile, 
trichloronitromethane, dichloropropanone, trichloropropanone, and chloral hydrate. First 
order photolysis constants ranged 26-fold from 0.020 min-1 for chloroform to 0.523 min-1 for 
trichloronitromethane. The rate constants generally increased with bromine substitution. 
 Using the UV removal of combined chlorine as an actinometer, the rate constants were 
recalculated to actual treatment doses of UV applied in a swimming pool. In an investigated 
public pool the UV dose was equivalent to an applied electrical energy of 1.34 kWh m-3 d-1 
and the UV dose required to removed 90 % of trichloronitromethane was 0.4 kWh m-3 d-1, 
while 2.6 kWh m-3 d-1 was required for chloral hydrate and the bromine containing 
haloacetonitriles and trihalomethanes ranged from 0.6 to 3.1 kWh m-3 d-1. It was predicted 
thus that a beneficial side-effect of applying UV for removing combined chlorine from the 
pool water could be a significant removal of trichloronitromethane, chloral hydrate and the 
bromine containing haloacetonitriles and trihalomethanes.  
Keywords UV treatment; disinfection by-products (DBP); Electrical energy per order (EEO); 
swimming pool; photolysis. 
Abbreviations: THM, trihalomethane; HAN, haloacetonitrile; DBP, disinfection by product; 
EEO, electrical energy per order; EED, electrical energy dose; 
1 Introduction 
For more than 100 years chlorine has been the preferred disinfectant to ensure the hygienic 
quality of swimming pool water. Chlorine is the common name for hypochlorous acid 
(HOCl), which is formed by gaseous chlorine reacting with water. The hypochlorous acid 
dissociates in water to hypochlorite (OCl-) (pKa = 7.5) and the sum of HOCl and OCl- are 
known as free chlorine. Hypochlorous acid is significantly more effective than hypochlorite 
as a bactericide, in preventing cysts and the spreading of spores and inactivating viruses 
(White, 1992).  
 It is well documented that chlorine reacts with organic and inorganic matter released 
from bathers (sweat, saliva, urine, skin residues) to form chlorinated disinfection by-products 
(DBPs). A recent study identified over 100 DBPs in pool water and reported a higher number 
of nitrogen-containing DBPs than typically found in chlorinated drinking water with several 
of the chemicals not identified in drinking water (Richardson et al., 2010). The major concern 
regarding DBP formation is their effects on human health. Since some DBPs formed in 
swimming pools are also found in chlorinated drinking water, some studies about 
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genotoxicity, carcinogenicity and health effect risks have been undertaken. However, 
swimming pool waters are significantly more genotoxic than their source tap water (Liviac et 
al., 2010) which is likely due to the nitrogen-rich precursors released by the bathers. 
Furthermore, a recent study on bladder cancer found a clear increased risk associated with 
chlorination by-products in drinking water and indicates that the use of swimming pools 
further increased the risk (Villanueva et al., 2007).  
 A common condition affecting swimmers is eye irritation and various compounds 
such as chlorine, chloramines, haloketones and haloacetic acids have been identified as 
irritants (Chiswell and Wildsoet, 1989; Erdinger et al., 1998; Zwiener et al., 2007). Erdinger 
et al. (1998) concluded that the degree of eye irritation resulting from swimming pool waters 
can only be explained by considering the effects and synergistic action of a number of DBPs 
in the presence of chlorine. Another effect of DBPs on swimmers is irritation of the 
respiratory passage and trichloramine has been suggested as the causative compound. Several 
studies on the association of NCl3 with respiratory irritation or asthma have been carried out 
(Bernard et al., 2007; Goodman and Hays, 2008; Hery et al., 1995; Massin et al., 1998; 
Thickett et al., 2002) however there is still a lack of evidence with which to make a definite 
conclusion. A recent study performed an in vitro air exposure test using the human alveolar 
epithelial carcinoma cell line A-549 to conclude that the concentration of NCl3 alone could 
not explain the inflammatory effect of air from an indoor swimming pool and that other 
volatile DBPs must also be contributing to the observed effects (Schmalz et al., 2011). 
 Due to the lack of alternatives, the continued use of chlorine as a disinfectant is the 
most realistic immediate future scenario for public swimming pools. Therefore there is a need 
to find alternative methods by which to ensure acceptable water quality in the public 
swimming pools which could be a combination of removing DBP precursors and DBPs 
themselves. The load of DBP precursors can be reduced significantly by ensuring effective 
pre-swim hygiene (showering) (Keuten et al, 2012). When DBP precursors are in the water a 
potential method improvement suggested in literature is to lower the pH in order to reduce 
the formation of trihalomethanes (THMs)(Kristensen et al., 2007). However, recent studies 
reported an increased formation of the more toxic DBP group, haloacetonitriles (HANs), 
when decreasing the pH (Hansen et al., 2012a; Hansen et al., 2012b). 
 One way to remove combined chlorine including NCl3 is treatment with medium 
pressure (MP) UV irradiation. In 1976, the first MP UV system was installed in a swimming 
pool in Denmark and today there are estimated to be 1000-2000 installations in public 
swimming pools in Europe (Povl Kaas, Personal communication). UV light at 222, 254, 288 
nm is able to photo degrade inorganic chloramines and showed little or no pH dependence (Li 
and Blatchley, 2009). A study using MP UV treatment in full stream found up to 32 % 
reduction of NCl3 in air (Cassan et al., 2011). While another study with MP UV treatment 
applied to a side stream of the filter return flow reported a decrease in the water concentration 
of combined chlorine greater than 50 % (Kristensen et al., 2009; Kristensen et al., 2010). 
However, studies of UV photo degradation of other DBPs are very limited.  
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 UV treatment in a swimming pool has been reported by Cassan et al. (2006) to 
increase THM levels in the pool while Beyer et al. (2004) reported a decrease in THM levels 
in a similar study. In a long term study including matched control periods with and without 
UV treatment in a public pool, Kristensen et al. (2009) showed no effect on THM levels in a 
swimming pool treated by several types of UV treatment. A mechanism that explain how 
THM may increase by UV treatment in some cases is given by Glauner et al. (2005) who 
describe from a laboratory batch experiment of UV treatment of pool water that an increased 
THM formation potential was induced by the UV treatment when UV treated samples were 
chlorinated after UV exposure. In public swimming pools chlorine will always be present and 
since photolysis of chlorine creates radicals (Jin et al., 2011; Sichel et al., 2011) it is possible 
that some degradation of DBPs may occur by reactions with radicals produced by photolysis 
of hypochlorite.  
 The objective of this research was to investigate the photo degradation of 12 of the 
most common DBPs besides chloramines by UV irradiation with an MP lamp. The 
investigated DBPs were chloroform, bromodichloromethane, dibromochloromethane, 
bromoform, dichloroacetonitrile, bromochloroacetonitrile, dibromoacetronitrile, 
trichloroacetonitrile, trichloronitromethane, dichloropropanone, trichloropropanone, and 
chloral hydrate. To investigate the possible effect of radical reactions from photolysis of 
hypochlor experiments were performed with and without the presence of free chlorine. We 
avoided the possibility of formation of any of the investigated DBP from organic matrix in 
swimming pool water by performing the experiment on pure chemicals in solution of purified 
water and we tested the stoichiometrically possible formation of THM from the HANs and 
chloral hydrate after UV treatment by performing separate experiments with these DBPs.  
 From the data obtained the first order kinetic constant and the treatment level required 
to remove 90 % of each of the 12 DBP was determined. Furthermore, photolysis of naturally 
occurring combined chlorine in a public swimming pool was used as an actinometer to 
compare the UV doses delivered in a full scale UV installation and the laboratory setup. Thus 
the significance of the actual typical UV treatment dose applied in a swimming pool could be 
compared to the dose required for photolysis of each of the 12 DBPs.  
2 Material and Methods 
2.1 Reagents 
All chemicals and standard solutions were of analytical grade purchased from Sigma-Aldrich. 
2.2 Analysis of trihalomethanes and haloacetonitriles 
The analyses were performed as previously published in (Hansen et al., 2012a). In brief free 
chlorine was quenched by adding ammonium chloride solution to the vials before they were 
filled head-space-free with sample. The samples were analyzed the same day by Purge and 
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Trap (purge temperature = 30 °C, Velocity XPT Purge and Trap Sample Concentrator, 
Teledyne Tekmar, with autosampler: AQUATek 70, Teledyne Tekmar) coupled with a GC-
MS (HP 6890 Series GC System, 5973 Mass selective detector, Hewlett Packard). This 
method was also used for the detection of trichloronitromethane, dichloropropanone, and 
trichloropropanone. 
2.3 Analysis of chloral hydrate and haloacetonitriles 
For the analysis of the chloral hydrate and HANs a modified version of the EPA 551.1 
method was used. A 40 mL borosilicate glass vial was filled with sample without head-space 
and the samples were stored until the end of the day where all samples were analysed.  
 To make space in the vial 7 mL of each sample was removed and methyl-tert-butyl ether, 
internal standard (bromofluorobenzene) and buffer with quenching agent 
(Na2HPO4/KH2PO4/Na2SO3) were added to the vial. Followed by two drops of a colourant 
(14.85 g L-1 1,10-phenanthrolie·H2O and 6.95 g L-1 ferrosulphate·7H2O) and Na2SO4. The 
vials were shaken for 30 min before the methyl-tert-butyl ether phase was transferred to a GC 
vial and analyzed on a GC-MS (GC 6890N – MSD 5973N, Agilent Technologies). The 
samples were analysed on the day of collection or stored in the refrigerator for the following 
day. Details on the method can be found in the Supplementary material. 
2.4 Analysis of chlorine and combined chlorine 
The concentration of free and total chlorine was measured with a photometer (DR 2800, 
Hach Lange) using the colorimetric method based on oxidation of diethyl-p-
phenylenediamine (DPD) with or without addition of iodide. 
2.5 UV treatment 
Batch experiments were performed in a quasi-collimated beam apparatus. The principle of 
this is illustrated in Fig. 1a. A doped medium pressure lamp (SR HUV700 (European patent: 
EP1463091A2), 700W, Scan Research A/S, Denmark) with enhanced emission in the area 
with low wavelength was utilized (Fig. 1b). The lamp was turned on for at least 20 min prior 
to experiments to ensure constant light output and spectral composition. The distance from 
the lamp to the centre of the bottom of the petri dish (d = 90 mm) was 35 cm and the treated 
volume was 120 mL. The lamp and the petri dish were separated with a board in which a 280 
mm tube with inner diameter of 76 mm was imbedded in order to collimate the light (see 
illustration in Fig. 1a). The sample was covered by a lid of pure quartz glass. During the 
irradiation the samples were gently stirred with the use of a magnetic stirrer. Experiments 
were performed at 26 °C and due to an effective air exchange the samples never increased 
more than 5 °C in temperature during treatment. After irradiation of water samples in 
predetermined time intervals, analysis of DBPs was performed. The irradiation from the lamp 
was checked each day by removal of monochloramine, which was produced by reacting 0.75 
g of ammonium chloride and 5 mL of chlorine (50 g L-1) in MilliQ water buffered with 
Hansen et al. 2013. Science of the Total Environment, 443, pp. 850-856. 
http://dx.doi.org/10.1016/j.scitotenv.2012.11.064 
 
6 
phosphate buffer at pH = 6.0 overnight at 20 °C.  The UV light was measured in radiation 
exposure minutes. 
a) b) 
Fig. 1. a) Schematic description of the collimated beam irradiation apparatus. b) The 
emission spectra for a standard mercury low pressure (yellow) and a medium pressure (red) 
UV lamp compared to the used medium pressure UV lamp based on doped halogens (SR 
HUV700, blue). 
2.6 Characterization of the UV lamp 
The SR HUV700 lamp used in the collimated beam setup is identical to that installed in a 
warm water pool (32 °C) in Gladsaxe swimming pool. The volume of the warm water pool is 
50 m3 and the hydraulic resident time is 0.5 h. The UV treatment system in Gladsaxe 
consisted of 4 UV lamps placed in a side stream of the recirculation flow of 25 m3 h-1 (about 
25 % of recirculation flow to the filters). A full and detailed description of the UV-reactor 
and water treatment systems in Gladsaxe swimming pool can be found in Kristensen et al. 
(2009) and Kristensen et al. (2010). 
 The figures-of-merit, electrical energy per order (EEO) is recommended by the 
Commission on Photochemistry, International Union of Pure and Applied Chemistry in order 
to describe photodegradation of compounds (Bolton, 2010) and thus EEO for free and 
combined chlorine was determined to characterize the UV system in Gladsaxe. The EEO is 
defined as the electrical energy consumed per unit volume of water treated required for 90 % 
removal of the investigated compound (Bolton, 2010). The water flow through the UV 
system and the electrical energy consumption for the treatment as determined by the number 
of lamps turned on in the UV system were varied to achieve different UV doses. The water 
flow was varied between 6.4 and 49.8 m3 h-1 and the number of lamps between 2 and 12 (1.4-
8.4 kW).   The concentration of the free and combined chlorine was measured before and 
after the UV reactors with the different applied UV doses. The normalized concentration of 
free and combined chlorine was plotted against the electrical energy dose, which is defined as 
the electrical energy (kWh) consumed per unit volume (m3) of water treated. The plots were 
used for estimation of EEO: 
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where Cin and Cout are the concentrations of the inflow and outflow, respectively, EED is the 
electrical energy dose in kWh m-3 and EEO is the electrical energy per order. 
 The effectiveness of the UV lamp in the collimated beam setup was determined in the 
same manner. Water from the warm water pool in Gladsaxe was collected in 1L glass bottles 
filled about 10 cm below the surface of the pool (October 10th, 2011) and the removal of 
combined chlorine with the collimated beam setup was measured. The measured removal of 
combined chlorine was then used to convert the treatment time of the collimated beam setup 
to the treatment equivalent electrical energy dose in the full scale UV system. 
2.7 Experiments 
For the experiments aqueous solutions buffered with phosphate (pH = 7.2, 2.5 mM 
phosphate) of chloral hydrate and THMs were freshly prepared from pure compounds while 
the HANs were only available as a mixture (including trichloronitromethane, 
dichloropropanone, trichloropropanone) in acetone (EPA 551B halogenated volatiles mix, 
Sigma-Aldrich). The aims of the experiments performed were to investigate a) the photolytic 
removal of the investigated compound from a mixture, b) the photolytic removal of 
chloroform from a mixture of THMs, c) the possible formation of chloroform during UV 
irradiation of chloral hydrate and HANs, and d) the effect of free chlorine. 
 The photolytic removal experiment was performed on a mixture with 200 µg L-1 of 
chloral hydrate, 150 µg L-1 of THMs and 100 µg L-1 of HANs. The concentration of the 
DBPs is in the high end of reported concentrations in swimming pools in the guideline from 
WHO (WHO, 2006). The samples were exposed to UV for varying durations. Control 
experiments were performed without exposure to UV light but otherwise handled as treated 
samples. The photolytic removal of chloroform was investigated by exposing a solution of 
150 µg L-1 THMs to UV light for 30, 60 and 90 min. 
 The experiments conducted in order to determine the possible formation of chloroform 
during UV treatment utilized a solution of 200 µg L-1 chloral hydrate or 100 µg L-1 HANs 
and a UV exposure time of 20 min. 
 To investigate the effect of the presence of free chlorine two experiments were 
conducted using a mixture of all the studied compounds. In the first experiment 5 mg L-1 of 
chlorine (Sodium hypochlorite 10 %, Sigma-Aldrich) was added to a sample followed by 
exposure to UV for 3 min. The second experiment aimed to simulate repeated treatments in a 
continuous system by adding 5 mg L-1 of chlorine followed by 3 min UV irradiation in 3 
steps. 
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3 Results and discussion 
3.1 Lamp characterization and comparison to full scale system 
The characterisation of UV lamps is traditionally performed by determining the fluence (UV 
dose, in mJ cm-2). However, this works best for low pressure lamps where the light is 
primarily emitted at 254 nm and the quantum yields for the different actinometers are well 
known. The determination of fluence for medium pressure lamps which have broad spectral 
outputs is considerably more complicated, requiring the use of a table of wavelength spectral 
specific absorbances and quantum yields. This is particularly complicated for the lamp used 
in this study which has a non-standard spectral output due to that the burner contained a 
doped halogen mixture as opposed to the traditional mercury vapour. The international union 
of pure and applied chemistry (IUPAC) advises that the characterisation of UV systems for 
removal of chemicals be conducted by either direct photolysis or advanced oxidation by 
energy consumption (Figure-of-Merit electrical energy per order, EEO). Like fluence, EEO 
depends on fundamental photochemical parameters (Stefan and Bolton, 2005). Companies 
that supply UV systems for swimming pools and swimming pools with UV installations 
know the energy consumption and efficiency to remove combined chlorine of their UV-
systems. However, they generally do not know the UV fluence delivered to the treated water 
which determines the degree of chemical reactions that occur. In many cases the rated 
minimum fluence of a UV unit is factory determined as the same systems are used for 
drinking water disinfection which is not usable for quantifying the photolysis of chemicals in 
the water. The minimum fluence describes the irradiation intensity delivered on the inner wall 
of the UV reactor which is relevant for disinfection. The fluence delivered to the water in the 
reactor determines the effectiveness of chemical conversions that the unit can perform. 
 Free chlorine was seen to be removed at a greater rate (lower treatment dose) than 
combined chlorine by the full scale UV system (Fig. 2a). The plots of normalized 
concentration (in and out of the UV system) plotted against the electrical energy dose (EED) 
were used for determination of the energy per order of removal (EEO) by least squares fitting 
based on Eq. 1. The EEO for free chlorine and combined chlorine in Gladsaxe swimming 
pool was 0.22 kWh m-3 and 1.0 kWh m-3, respectively. Thus, combined chlorine needed 
approximately 5 times more energy than free chlorine to achieve 90 % removal.  
 Since in the full scale UV system the whole lamp is submerged, all UV light is radiated 
into the pool water. However, this is not the case for the collimated beam setup where only a 
small fraction of UV light that is emitted radiates into the treated water. Therefore 
determination of the EED utilised in the collimated beam is not as straight forward as for the 
UV system in Gladsaxe swimming pool. Removal of combined chlorine from the swimming 
pool water sample by collimate beam setup was determined and plotted as a function of 
irradiation time (Fig. 2b). The irradiation time to achieve 90 % removal of combined chlorine 
was 10.5 min (Fig. 2b), corresponding to the energy dose at EEO. In Gladsaxe swimming 
pool (i.e. full scale treatment) the EEO for removal of combined chlorine was 1.0 kWh m-3. 
Hansen et al. 2013. Science of the Total Environment, 443, pp. 850-856. 
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Thus the EEO of 10.5 min in the collimated beam was estimated to be equal to the EEO of 
1.0 kWh m-3 in the swimming pool and thereby 1.0 min irradiation time in the collimated 
beam setup was calculated to be equal to 0.095 kWh m-3 in the full scale treatment system. 
This estimation was used to predict the approximate value of EEO for the investigated DBPs.  
b) Collimated beam UV exposure
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Fig. 2. Photolytic removal by UV irradiation of a) free and combined chlorine in pool water 
in full scale flow through system in Gladsaxe swimming pool on a side stream of the filter 
return flow compared to b) combined chlorine in pool water, monochloramine and free 
chlorine in the laboratory collimated beam UV irradiation setup. The error bars gives the 
standard error of the mean based on 3-7 replicates in a), while b) is made with single 
determinations. 
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 Irradiation time to achieve 90 % removal of the monochloramine produced was 6.4 min, 
which is less than the time needed for photolysis of combined chlorine in pool water. The 
pool water contains organic chloramines which to some extent represents part of the 
combined chlorine as measured by the DPD method (Li and Blatchley, 2007). From this one 
can conclude that some organic chloramines are less sensitive to degradation by UV than 
monochloramine. The difference in sensitivity to photolysis of organic and inorganic 
chloramines is inconsequential for these experiments. The monochloramine solution was 
used only as an actinometer when performing the experiments in the laboratory setup, to 
ensure consistency from day to day and generally no significant change was seen between the 
days experiments were performed. The naturally occurring combined chlorine in the 
swimming pool was treated in both full scale pool and the laboratory UV systems and 
subsequently used to convert units of treatment doses between the two UV systems.  
3.2 Photolytic removal of DBPs with medium pressure lamp 
Results obtained upon treatment of the mixture of tested DBPs with UV light can be seen in 
Fig. 3(a, b, c). Control experiments were conducted under identical experimental conditions 
without direct exposure to UV light. Recovery of DBPs was greater than 75 % in all cases, 
being close to 100 % in the majority. 
3.2.1 Removal of trihalomethanes 
Profiles of removal efficiency for trihalomethanes with UV irradiation can be seen in Fig. 3a. 
The photolytic removal rate of DBPs was successfully fitted to an integrated first order 
kinetic expression (Eq. 2) where C is the concentration after treatment, C0 the initial 
concentration of the DBP and k the first order kinetic constant.  
C/C0=exp(-k·t)      (2) 
 Kinetic constant values were obtained from the experimental data by least square fit 
according to Eq. 2 and can be seen in Table 1. According to these values, the presence of 
bromine in the molecular structure of THM remarkably increased the removal rate, since 
these species are more photosensitive than their chlorinated analogues (Chen et al., 2010; De 
Laat and Berne 2009; Lekkas and Nikolaou 2004). Therefore, the kinetic constant 
corresponding to bromoform (0.390 min-1) was the highest and chloroform (0.020 min-1) the 
lowest.  
 As shown in Fig. 3a removal of 80 % of chloroform was achieved in 90 min. The 
literature states that no removal of chloroform can be obtained with low pressure UV lamps 
(Nicole et al., 1991) but with high pressure lamps, some chloroform removal can be achieved 
(Rudra et al., 2005). Thus both medium and high pressure UV lamps are to some extent able 
to remove chloroform due to their polychromatic light emissions. 
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Fig. 3. The removal of the investigated DBPs and the fitted lines according to first order 
kinetic (Eq. 2). The second horizontal axis (italics) indicates the estimated equivalent energy 
in full scale treatment. The error bars gives the standard error of the mean. 
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 Results shown in Fig. 3(a, b, c) were obtained using a mixture of all investigated DBPs. 
Since it was suspected that chloroform could not only be removed by UV light but also be 
generated as a degradation product from some of the other DBPs (namely the HANs and the 
chloral hydrate) following exposure to UV light, a new set of 3 experiments were performed; 
with THMs alone, a mixture of HANs and with only chloral hydrate under identical 
experimental conditions. Removal of chloroform from THMs only showed identical results to 
those obtained using a mix of all investigated DBPs (results shown as open symbols in Fig. 
3a). The formation of chloroform from other DBPs (chloral hydrate, trichloropropanone, 
trichloronitromethane and trichloroacetonitrile) was investigated by irradiation of a solution 
containing the mixture of HANs and another solution containing chloral hydrate. The HAN 
mixture contained a small amount of chloroform therefore the start concentration of 
chloroform was 33 µg L-1. After 20 min of UV treatment the chloroform concentration was 
14 µg L-1 which concurs with the removal rate determined. Neither the start solution of 
chloral hydrate nor the solution after 20 min contained any detectable concentration of 
chloroform (LOD = 0.50 µg L-1). Thus, no formation of chloroform was observed from the 
mixture of HANs or the chloral hydrate solution. Removal levels for DBPs in both solutions 
were identical to those obtained with the mixture of all investigated compounds. 
Table 1. First order kinetic constants with 95 % confidence intervals (CI) according to Eq. 2 
of the investigated DBPs (temperature = 26 °C). 
 Compound Chemical Structures 
k ± 95 % CI 
(min-1) R
2 
THMs 
Chloroform CHCl3 0.020±0.002 0.98 
Bromodichloromethane CHBrCl2 0.070±0.008 0.99 
Dibromochloromethane CHBr2Cl 0.205±0.022 0.99 
Bromoform CHBr3 0.394±0.026 1.00 
HANs 
Dichloroacetonitrile CHCl2CN 0.024±0.006 0.94 
Bromochloroacetonitrile CHBrClCN 0.094±0.010 0.98 
Dibromoacetonitrile CHBr2CN 0.200±0.021 0.99 
Trichloroacetonitrile CCl3CN 0.130±0.021 0.98 
Misc. 
DBPs 
Trichloronitromethane CCl3NO2 0.523±0.145 0.99 
Dichloropropanone CHCl2COCH3 0.019±0.001 0.98 
Trichloropropanone  CCl3COCH3 0.022±0.001 0.99 
Chloral hydrate CCl3CH(OH)2 0.084±0.009 0.99 
 
3.2.2 Removal of haloacetonitriles 
As seen in Fig. 3b, dibromoacetonitrile was removed faster than bromochloroacetonitrile and 
dichloroacetonitrile was the most recalcitrant of the dihalogenated acetonitriles to remove 
(Table 1). Thus replacing chlorine with bromine increased the photolytic decay of HANs in a 
similar manner to THMs. The similar effect of bromine substitution was predicted for HANs 
using QSAR based on solar light (Chen et al., 2010). Trichloroacetonitrile was removed 
faster than dichloroacetonitrile by UV with a rate constant (k) higher than reported for solar 
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light (Chen et al., 2010). This may be due to the higher amount of radiation produced in the 
UV range by the lamp, compared to that obtained from solar light in conjunction with a 
higher light intensity achieved in the laboratory setup. However, the ratio of 
log(ktrichloroacetonitrile)/ log(kdichloroacetonitrile) was 1.8 which was close to the prediction by Chen et 
al. (2010) using QSAR based on solar light (log(ktrichloroacetonitrile)/ log(kdichloroacetonitrile)=1.5).  
3.2.3 Removal of miscellaneous DBPs 
The kinetic constants determined for removal of di- and trichloropropanone by UV treatment 
were very similar (and around the same value as for chloroform) despite the difference in the 
number of chlorine atoms present (Fig. 3c and Table 1). One would expect 
trichloropropanone to be removed faster than dichloropropanone as observed for HANs. 
However, QSAR prediction of solar photolysis estimated photolysis kinetics of 
trichloropropanone and dichloropropanone to be similar (Chen et al., 2010).  
 Removal of chloral hydrate and trichloronitromethane by UV irradiation was also 
achieved, with trichloronitromethane observed to be the most sensitive compound 
investigated (Table 1).  
3.2.4 Classification of DBP sensitivity to photolysis 
The functional group present in DBPs had a significant influence on removal kinetics (Table 
1). DBPs containing a nitro group (trichloronitromethane) were found to be the most 
susceptible to UV removal. Comparing removal rates of trichloronitromethane, 
trichloroacetonitrile, chloral hydrate, trichloropropanone and chloroform it can be concluded 
that the rankings for the functional groups (referred to the removal rate) was as follows: nitro 
(NO2, k=0.523 min-1) > nitrile (CN, k=0.130 min-1) > hydroxyl (OH, k=0.08 min-1) > 
carbonyl (C=O, k=0.022 min-1) ≈ hydrogen (H, k=0.020 min-1). These results are in 
accordance with those previously predicted in literature from solar photolysis experiments 
(Chen et al., 2010). 
3.3 Effect of available free chlorine. 
Free chlorine can be photolysed by UV and Cl• and •OH radicals are formed (Bolton, 2010; 
Nowell and Hoigne, 1992). These radicals may then degrade DBPs in a secondary photolysis 
reaction. The possibility of secondary photolysis was investigated by adding 5 mg L-1 of 
chlorine to a sample containing a mixture of all investigated DBPs and subsequent exposure 
to UV irradiation for 3 min. Free chlorine was removed completely in the 3 min., but removal 
of the 12 investigated DBPs did not increase (Supplementary material, Fig. S1). Treatment 
with 5 mg L-1 Cl2 for 3 min was then repeated 3 consecutive times thus UV exposure was in 
total 9 min and 15 mg L-1 chlorine added. An increase in DBP removal however was not 
observed compared to what could be expected from photolysis alone. This may be due to the 
high number of halogens on each of the DBPs which shield the carbon atoms from radical 
attack. This subsequently leads to some DBPs (e.g. trihalomethanes) having a lower reaction 
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rate constant for reactions involving hydroxyl radicals compared to most organic molecules 
(Bolton, 2010). 
3.4 Electric energy per order (EEO) 
Since irradiation time may be converted to electrical energy dose as described above, the 
EEO for the investigated DBPs can be estimated. As for the characterisation of the full scale 
system, plots of normalized DBP concentration versus EED were used for EEO 
determination by least square fit according to Eq. 1. The obtained values however (Table 2) 
are estimations since the EED was indirectly estimated by photolysis of combined chlorine 
from swimming pool water. High values of EEO indicate that a large amount of energy is 
required to remove the compound. 
Table 2. The estimated values of EEO along with the C/Ci and the removal calculated with a 
treatment dose of 1.34 kWh m-3.  
 
  EEO (kWh m
-3) C/Ci 
Removal 
per day % 
 Combined chlorine 1.0 0.05 95 
THMs 
Chloroform 11 0.75 25 
Bromodichloromethane 3.1 0.37 63 
Dibromochloromethane 1.1 0.06 94 
Bromoform 0.6 0.00 100 
HANs 
Dichloroacetonitrile 9.1 0.71 29 
Bromochloroacetonitrile 2.3 0.27 73 
Dibromoacetonitrile 1.1 0.06 94 
Trichloroacetonitrile 1.7 0.16 84 
Misc. DBPs 
Trichloronitromethane 0.4 0.00 100 
Dichloropropanone 12 0.77 23 
Trichloropropanone  9.9 0.73 27 
Chloral hydrate 2.6 0.31 69 
 
3.5 Estimation of DBP removal by typical UV treatment 
The UV system in the warm water pool in Gladsaxe swimming pool consisted of 4 UV lamps 
(each 0.7 kW) running 24 h per day with a total pool volume of 50 m3. This gives an applied 
electrical energy dose from UV of 1.34 kWh m-3d-1. Considering UV treatment as the only 
removal process affecting the investigated DBPs, the removal achieved by applying UV 
treatment in a real swimming pool can be estimated using Eq. 1. The removal (1 – Cout/Cin) of 
each DBP with EED = 1.34 kWh m-3d-1 and EEO as found in this paper was estimated (Table 
2). Chloroform, dichloroacetonotrile, and di- and trichloropropanone can be expected to 
exhibit a removal of less than 30 % of the initial concentration per day while the rest of the 
investigated DBPs are expected to exhibit more than 63 % removal, with some being 100 % 
of the initial concentration per day.  
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 However, in a swimming pool setting other processes such as formation, volatilisation 
and degradation will affect the concentration of DBPs. For the very volatile DBPs, like 
chloroform and trichloroacetonitrile, it can be expected that photolysis has a relatively low 
importance for the fate of the DBP compared to the volatilisation. Conversely chloral 
hydrate, which was photolysed at a medium rate, is described as being very stable in water 
because it hydrolyzes very slowly at neutral pH, reacts slowly with chlorine and is not 
volatile (Brunet et al., 2010).  
It was predicted that 95 % of the combined chlorine could be removed by UV treatment for 
one day. However, in a test of the UV system in Gladsaxe swimming pool over several weeks 
a decrease of 67 % in the equilibrium concentration of combined chlorine in the pool basin 
was achieved (Kristensen et al., 2009; Kristensen et al., 2010).  
 In conclusion, UV treatment for combined chlorine control may result in significant 
removal of trichloronitromethane, chloral hydrate and the bromine containing 
haloacetonitriles and trihalomethanes due to their UV sensitivity. However, in order to 
quantify the effect of UV treatment on pool water concentrations, formation rates and rates 
for competing removal processes (e.g. evaporation, further oxidation by chlorine or 
hydrolysis) need to be quantified. To the best of our knowledge, descriptions of these 
processes in swimming pools are not available in the literature. 
4 Conclusions 
 The first order kinetic constant for photolysis by UV irradiation was determined for 
the 12 DBPs. The constant ranged from 0.020 min-1 for chloroform to 0.523 min-1 for 
trichloronitromethane and generally increased with bromine substitution. 
  The electrical energy per order (EEO) was estimated for each of the investigated 
compounds. The combined chlorine in swimming pool water required 1.0 kWh m-3 to 
achieve 90 % removal whereas chloroform and trichloronitromethane required 11 and 
0.4 kWh m-3, respectively. 
 Comparing applied UV dosage used for combined chlorine removal with degradation 
effectiveness suggests significant removal of trichloronitromethane, chloral hydrate 
and the bromine containing haloacetonitriles and trihalomethanes as a beneficial side-
effect of chloramine control by UV. 
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